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Within a recently proposed classically conformal model, in which the generation of neutrino
masses is linked to spontaneous scale symmetry breaking, we investigate the associated phase
transition and find it to be of strong first order with a substantial amount of supercooling.
Carefully taking into account the vacuum energy of the meta-stable minimum, we demon-
strate that a significant fraction of the model’s parameter space can be excluded simply
because the phase transition cannot complete. We argue this to be a powerful consistency
check applicable to general theories based on classical scale invariance. Finally, we show
that all remaining parameter points predict a sizable gravitational wave signal, so that the
model can be fully tested by future gravitational wave observatories. In particular, most of
the parameter space can already be probed by the upcoming LIGO science run starting in
early 2019.
I. INTRODUCTION
Right-handed neutrinos are among the best-motivated particles of beyond-the-Standard Model
physics. Their role in explaining light active neutrinos [1–4], the baryon asymmetry of the universe
[5], or dark matter [6] makes them a key player in many theories of new physics. However, their
mass scale remains a priori completely unclear. In fact, reflecting the aforementioned variety in
applications, well-motivated scenarios suggest masses ranging from a few keV all the way up to the
GUT scale at about 1016 GeV [7]. Obviously, if right-handed neutrinos are above the TeV scale,
their direct detection at current or near-future colliders is not possible. Alternative experimental
strategies allowing to test such high-mass scenarios are thus highly desirable.
One such approach is motivated by the landmark discovery of gravitational waves in 2016 and
2017 [8–10]: Since right-handed neutrino masses may be generated in a first-order cosmic phase
transition, they may well be linked to the production of a stochastic gravitational wave background
observable in current or future experiments [11, 12]. Thus, a complementary indirect handle on
probing the aforementioned mass scale becomes available.
In this context, the present article will discuss a recently proposed class of models, which
suggests yet another potential virtue of (heavy) right-handed neutrinos. Namely, the authors of
Refs. [13, 14] demonstrated that right-handed neutrinos with Majorana masses of order 108 GeV
may also play a crucial role in stabilizing the Higgs mass and thus in solving the infamous gauge
hierarchy problem. To be slightly more precise, it was proven that in the absence of a bare Higgs
mass term, the Standard Model scalar potential can still be correctly reproduced via radiative
corrections due to integrating out the heavy right-handed neutrino degrees of freedom. The large
hierarchy between the electroweak and the Majorana mass scale is thus explained in a technically
natural way [15] by linking it to the smallness of the Dirac neutrino Yukawa coupling.
However, the underlying concept of neglecting one explicit mass term while retaining another is,
of course, not renormalization group invariant, and hence calls for a symmetry-based justification,
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2ideally in a UV-complete framework, which does not reintroduce severe parameter fine tuning.
Along these lines, a minimal renormalizable model based on classical scale invariance has recently
been proposed in Ref. [16]. Here, the Majorana mass scale is generated spontaneously from a
conformal tree-level Lagrangian via perturbative quantum effects.
In the present paper, we will show that the associated cosmic phase transition – hereafter referred
to as the scale phase transition – is necessarily of strong first order and thus involves a considerable
amount of supercooling. The corresponding gravitational wave signal is therefore expected to
be sufficiently strong to be testable at both existing and planned observatories. Interestingly,
consistency of the model in [16] requires its fundamental scale to be above 107 GeV, suggesting
that even ground-based experiments like LIGO can be sensitive [17].
Let us finally remark that, even though we will focus on the concrete model of Ref. [16] in
the present study, we expect qualitatively similar results for any realization of the basic idea of
Ref. [13] within a classically scale-invariant extension of the Standard Model. In all such models
the Majorana mass scale of order 107 GeV has to be spontaneously generated in a cosmic phase
transition, which is generically anticipated to be of strong first-order in theories based on nearly
conformal dynamics [18–22].
The paper is structured as follows. Section II provides a brief summary of the considered model.
Based on that, we will then study the model’s scale phase transition in Section III. In doing so, we
will particularly stress how requiring that the aforementioned transition actually completes, yields
a powerful means of narrowing down the viable parameter space. Subsequently, in Section IV we
calculate the stochastic gravitational wave background resulting from the scale phase transition
and compare it with the sensitivities of various experiments [23–27]. We finally discuss our results
and conclude in Section V.
II. THE MODEL
In this paper we study gravitational wave signatures from the first-order phase transition in the
classically scale-invariant model introduced in Ref. [16]. There, the authors provide a conformal
framework in which both neutrino masses and the Higgs potential arise due to the presence of
right-handed neutrinos. Namely, after the spontaneous breaking of scale invariance in which the
Majorana masses of right-handed neutrinos are dynamically generated, the active neutrino masses
are obtained through the type-I seesaw mechanism [1–4], whereas the Higgs potential stems from
quantum effects, i.e. loops of heavy right-handed neutrinos. The latter requires suppression of the
tree-level mass term µ2H†H which is naturally realized in scale-invariant models. The authors
of Ref. [16] applied robust numerical methods to find whether it is simultaneously possible to:
(i) satisfy the cosmological bound on the sum of neutrino masses [28], (ii) obtain the low-energy
parameters of the Higgs potential not to deviate from their Standard Model (SM) values by more
than 1 %, and (iii) have no Landau poles below the Planck scale. The positive result was reported
[16] and the foremost upshot was a lower bound on the vacuum expectation value (VEV) of the
scalar field S that breaks scale invariance
vs & 107 GeV . (1)
Hence, besides the electroweak and the Planck scale, in this framework a novel scale, vs, is intro-
duced and it sets the masses of all beyond the Standard Model degrees of freedom. It is worthwhile
noting the absence of the hierarchy problem [29–32]. Classical conformal symmetry protects the
separation between vs and the Planck scale, whereas small lepton portal Yukawa couplings of the
SM Higgs are relating the electroweak scale and vs. In what follows, we briefly introduce the model
3[16] by putting an emphasis on the one-loop effective potential containing the Coleman-Weinberg
term [33] as well as the leading thermal contributions [34].
Above the conformal symmetry breaking scale the model’s Lagrangian is given by
L ⊇ 12∂µS∂µS + 12∂µR∂µR+ iN¯R /∂NR − Vtree(H,S,R)−
(
1
2yMSN¯RN
c
R + yνL¯H˜NR + h.c.
)
. (2)
Here, H and L are the SM Higgs and lepton doublets, NR denotes right-handed neutrinos, whereas
S and R are gauge singlet real scalars. The coupling yM parametrizes the strength of the Yukawa
interaction between S and NR, while yν is a lepton portal coupling crucial for generating both
active neutrino masses and the Higgs potential. The tree-level scalar potential Vtree from Eq. (2)
reads
Vtree(H,S,R) = λ(H
†H)2 + λSS4 + λRR4 + λHSS2(H†H) + λHRR2(H†H) + λSRS2R2 , (3)
where we implicitly assumed R to have an odd charge under some Z2 symmetry in order to simplify
the expression by only including terms with even number of R fields.
Scale invariance must be broken as otherwise the model would not predict massive particles
that have been observed in numerous experiments. We assume that, at the scale Λ, the S field
develops a finite VEV, i.e. the following arrangement is achieved
〈H〉 = 〈R〉 = 0 and 〈S〉 ≡ vs 6= 0 . (4)
Applying the analytical procedure introduced by Gildener and Weinberg [35], it is possible to
obtain Eq. (4) in a rather elegant way, without brute-force numerical treatments. The necessary
condition that we obtain reads
λS(Λ) = 0 . (5)
The radiative breaking of conformal symmetry induces O(Λ) masses for NR and R fields. For
convenience and later usage, we define here field-dependent masses instead
mN (S) = yMS and m
2
R(S) = 2λSRS
2 , (6)
where the Higgs-field-dependent terms are omitted due to rather small couplings of the new particles
to SM (λHR, yν  yM, λSR ∼ O(1) ; for more information on the magnitude of the couplings in
the model see Table I in Ref. [16]).
With the potential that develops a flat direction along the S field axis (〈H〉 = 〈R〉 = 0) we infer
that the only relevant term in the tree-level potential is λSS
4 which, however, vanishes at the scale
Λ due to the Gildener-Weinberg requirement in Eq. (5). Hence, the leading contributions to the
scalar potential are realized at the quantum level. The one-loop, daisy-improved finite temperature
effective potential reads
Veff(S, T ) = VCW(S) + VFT(S, T ) + Vdaisy(S, T ) . (7)
Here, VCW is the renormalized Coleman-Weinberg potential which in the MS scheme reads
VCW(S) =
1
64pi2
[
m4R(S)
(
log
m2R(S)
Λ2
− 3
2
)
− 6m4N (S)
(
log
m2N (S)
Λ2
− 3
2
)]
≡ AS4 +BS4 log
(
S2
Λ2
)
, (8)
4where the field-dependent tree-level masses from Eq. (6) and the Gildener-Weinberg functions [35],
A =
1
32pi2
[
2λ2SR
(
log (2λSR
)− 32)− 3y4M ( log y2M − 32)] ,
B =
2λ2SR − 3y4M
32pi2
,
(9)
are used. The one-loop thermal contribution VFT is given by
VFT(S, T ) =
T 4
2pi2
[
JB
(
m2R(S)
T 2
)
− 6JF
(
m2N (S)
T 2
)]
, (10)
with the thermal functions
JB,F(r
2) =
∫ ∞
0
dx x2 log
(
1∓ e−
√
x2+r2
)
. (11)
Finally, including resummed daisy graphs1 leads to the last term in Eq. (7)
Vdaisy(S, T ) = − T
12pi
[(
m2R(S) + ΠR(T )
)3/2 − (m2R(S))3/2] , (12)
with the thermal mass ΠR(T ) = (6λR + λSR)T
2/6. Note that we consistently ignored field-
independent terms in writing down all of the above expressions. In all calculations, we will fur-
thermore normalize the effective potential such that it vanishes at S = 0 for all temperatures.
III. PHASE TRANSITION IN THE MODEL
As we have argued in the last section, one of the distinctive features of the considered model is
that the mass scale of right-handed neutrinos must be dynamically generated. In the following, we
will demonstrate, that this necessarily involves a transition from a high-temperature phase with a
classically scale-invariant ground state, 〈S〉 = 0, to a low-temperature phase where scale symmetry
is spontaneously broken by quantum fluctuations, 〈S〉 6= 0. Importantly, not only the existence of
a scale-symmetry-breaking phase transition (PT), but also its properties are of major interest for
gravitational wave phenomenology and will therefore be discussed in the present section.
The relevant quantity to explore the model’s phase structure more closely is the finite-
temperature effective potential Veff introduced in Section II. Based on Eq. (7), we can therefore
examine how thermal fluctuations change the theory’s true groundstate, which is determined by
the global minimum of Veff. To that end, Fig. 1a shows the aforementioned minimum as a function
of temperature for the two benchmark points in Table I. The observed behavior is characteristic for
a first-order PT, where at a critical temperature Tc there exist two degenerate minima separated
by a potential barrier. Above this temperature, classical scale-invariance is restored by thermal
fluctuations, i.e. vs = 0, whereas the symmetry-breaking minimum vs 6= 0 is energetically favorable
below Tc. Importantly, Fig. 1a not only reveals the PT’s order, but also sheds light on its strength
by providing the quantity vc/Tc, where vc := vs(T = Tc) is the non-trivial minimum at the critical
temperature. A first-order PT is typically referred to as strong if vc/Tc & 1, which is satisfied by
both of our benchmark points. In fact, we found that all of the parameter points we investigated
1 As is common in comparable works on phase transitions in theories beyond the Standard Model, we supplement
the perturbative expansion of the effective potential with daisy resummation in order to improve the robustness of
our results (see e.g. [34, 36]). Note, however, that additional contributions beyond daisy graphs may, in principle,
become relevant. Considering such effects is beyond the scope of the present work, though.
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FIG. 1. Strength of the first-order scale phase transition in our model. (a) Temperature-dependent global
minimum of the effective potential for the benchmark points in Table I. (b) Transition strength vc/Tc (color
code) for the comprehensive, exemplary parameter scan presented in Ref. [16] (cf. Table I and Figure 1
therein for details). All displayed points are fully consistent from the perspective of a zero-temperature
analysis as discussed in Section II and Ref. [16]. However, only for parameter points within the red-shaded
area the phase transition was found to actually complete. For further information on how this region was
determined, we refer the reader to footnote 4 on page 7. Note that the blue-shaded region is excluded since
the effective potential becomes unstable at Λ.
a priori suggest the existence of a strong first-order PT, see Fig. 1b. Note that this behavior is
expected on general grounds in a model based on classical scale invariance [18]2.
As is well established, a first-order PT proceeds via the nucleation of bubbles of the true vacuum
vs 6= 0, which then grow inside an expanding universe in the metastable phase, where the system
is still at vs = 0. Correspondingly, the transition’s actual dynamics is crucially determined by the
nucleation rate Γ of the aforementioned bubbles, on the one hand, and by the Hubble parameter
H, on the other hand. Strong first-order phase transitions, as they are predicted by theories based
on nearly conformal dynamics, are additionally known to involve a sizable amount of supercooling
[18, 37, 38], implying that bubble nucleation can only start at temperatures considerably below the
critical one. Importantly, the energy density in the supercooled phase is then dominated by the
energy stored in the scalar field, which entails a (potentially short) epoch of vacuum domination
[18]. In extreme cases, the thus induced inflationary expansion of the universe may even prevent
Λ [GeV] λSR λR yM vs [GeV] 32pi
2B Tn [GeV] T∗ [GeV]
BP1 1.5 · 109 3.2 · 10−1 2.1 · 10−2 9.2 · 10−2 3.2 · 109 0.21 4.1 · 104 1.8 · 108
BP2 4.3 · 107 3.0 · 10−1 8.4 · 10−3 1.4 · 10−1 9.0 · 107 0.17 2.4 · 103 4.8 · 106
TABLE I. Benchmark points used throughout the paper. All dimensionless couplings are to be understood
as MS parameters evaluated at the Gildener-Weinberg scale Λ. For the corresponding critical temperatures
Tc, see Fig. 1a. The nucleation and reheating temperatures Tn and T∗ are defined in Eqs. (19) and (22),
respectively.
2 Even though the given reference focuses on the electroweak phase transition, the arguments remain valid for the
model under consideration here.
6the bubbles from percolating, so that the transition cannot complete [18, 37, 38]. In order to derive
robust statements when investigating cosmic phase transitions in a classically scale-invariant model,
it is therefore absolutely crucial to carefully take into account the aforementioned vacuum energy
contributions. Still, they are frequently ignored in comparable studies in the literature.
After these more general remarks, let us now explicitly discuss how to calculate the quantities
of interest, starting with the bubble nucleation rate, or, equivalently, the decay rate of the false
vacuum Γ. Since in our model, the potential barrier separating the true from the false vacuum
vanishes at zero temperature, Γ can be computed as [39]
Γ(T ) ' T 4
( S3
2piT
)3/2
e−S3/T , (13)
where S3 ≡ S3[Sb(r)] is the three-dimensional Euclidean action of the theory evaluated for the
O(3)-symmetric so-called tunneling or bounce solution Sb(r). The latter solves the equation of
motion for the scalar field S,
d2S
dr2
+
2
r
dS
dr
=
dVeff
dS
, (14)
subject to the boundary conditions S → 0 as r →∞ and dS/dr = 0 at r = 0 with r being the
radial coordinate of three-dimensional space. Throughout this work, we use the public code
CosmoTransitions [40] to solve Eq. (14), as well as to compute the Euclidean action S3. In
doing so, we always check and confirm that, for a given temperature T , the corresponding bubble
radius3 r(T ) satisfies r(T ) · T & 1 [39], thus justifying the applicability of Eq. (13).
Let us continue by calculating the Hubble parameter H for some temperature below the critical
one. It is then given via Friedmann’s equation in terms of the radiation and vacuum energy
densities ρrad and ρvac, namely
H2(T ) =
ρrad(T ) + ρvac(T )
3M2Pl
=
1
3M2Pl
(
pi2
30
g∗T 4 + ∆V (T )
)
. (15)
A few comments on Eq. (15) are in order. First, MPl denotes the reduced Planck mass, MPl =
2.435 · 1018 GeV, while g∗ = 106.75 is the effective number of relativistic degrees of freedom in the
thermal plasma at temperatures below Tc but above the electroweak scale.
Next, the quantity ∆V (T ) := Veff(0, T ) − Veff(vs(T ), T ) is the potential difference between the
metastable minimum at S = 0 and the stable one at S = vs(T ) 6= 0. Thus, it is a measure for the
energy stored in the scalar field. By definition, ∆V (T ) vanishes at the critical temperature and
will be small for temperatures T . Tc. However, as soon as T  Tc, we expect vs(T ) ' vs(T = 0)
in accordance with Fig. 1a and ∆V (T ) can be well approximated by its zero-temperature value,
∆V := ∆V (T = 0) = Bv4s/2 , (16)
where we used Eqs. (7) and (8) to find the last relation. We will apply this approximation through-
out the paper.
For the following, it is furthermore instructive to determine the temperature Tvac, below which
the Hubble parameter, and thus the expansion of the universe, is dominated by the vacuum term
in Eq. (15), i.e.
ρrad(Tvac)
!
= ρvac(Tvac) ' ∆V =⇒ T 4vac =
15
pi2g∗
·Bv4s , (17)
3 We tend to find rather thick-walled bubbles, for which the bubble radius is not well-defined. As a measure for
r(T ) we choose the value of r, at which the scalar field has dropped to half of its maximum value.
7where we employed Eq. (16). Numerically, the above equation yields
Tvac = 5.5 · 107 GeV ·
(
B˜
0.2
)1/4
·
(
vs
109 GeV
)
, (18)
where we defined B˜ := 32pi2B, which we will see to attain values between 0.1 and 0.3 for all viable
parameter points. In particular, Eq. (18) therefore demonstrates that Tvac is always about an order
of magnitude smaller than vs and thus also than the critical temperature, see also Fig. 1a.
With the nucleation rate Γ and the Hubble parameter H given in Eqs. (13) and (15), we are now
in the position to determine the nucleation temperature Tn, which is defined as the temperature
for which on average one bubble per horizon volume is produced, i.e.∫ Tc
Tn
dT
T
Γ(T )
H(T )4
!
= 1 . (19)
Obviously, a finite Tn is a necessary condition for the phase transition to proceed. Parameter
points, for which Eq. (19) has no solution, are hence ruled out. An explicit calculation in our
model indeed reveals that only regions of parameter space with moderate PT strength – namely
vc/Tc < 5 – are viable in the above sense (cf. the red shaded area
4 in Fig. 1b). Just as expected, the
nucleation temperature for the corresponding points is throughout much smaller than the critical
one, see also Table I.
Note furthermore that the consistent implementation of our model as described in Section II
requires that the Higgs potential is radiatively generated before the electroweak phase transition
takes place. We will therefore additionally require Tn > TEW = O(100 GeV). However, it turns out
that the aforementioned condition is not very restrictive and is automatically satisfied by almost
all points for which Eq. (19) can be solved.
Let us briefly dwell on the issue of whether or not the scale phase transition can complete. How
to answer this question was recently discussed by the authors of Ref. [38]. To this end, they mainly
concentrate on the so-called percolation temperature Tp instead of on the nucleation temperature
Tn of Eq. (19). Redoing their full calculation of Tp for our model, we only find quantitative but no
qualitative differences with respect to Tn. In particular, both temperatures are always of the same
order of magnitude and satisfy Tp . Tn. The authors of Ref. [38] additionally provide a condition
(their Eq. (2.26)) to determine whether the phase transition can actually finish, given a period of
inflationary expansion of the universe. We also checked this criterion to find that for many of our
parameter points it is satisfied already at Tp, while for almost all other points it is fulfilled at some
temperature lower than Tp, but above TEW.
Once the nucleation temperature is computed via Eq. (19), a few other quantities relevant for
gravitational wave phenomenology can straightforwardly be determined. First, a measure for the
inverse duration of the phase transition is given by
β := H(Tn)Tn · d
dT
(S3
T
)
T=Tn
. (20)
Numerically, we obtain values of β/H ranging between 3 and 10 for all consistent points. The
scale phase transition in our model is therefore predicted to be of relatively long duration, but
still fast compared to the expansion of the universe and the corresponding temperature variations.
Note that the observed relations Tn  Tc and β/H & O(10) characterizing a strongly supercooled
4 The displayed area was identified by a refined scan in the relevant region of parameter space assuming Λ <
1010 GeV. The associated points are not shown in Fig. 1b. The plotted boundary was constructed as the alpha
shape of the set of all points that are fully consistent from the perspective of a zero-temperature analysis and
additionally predict a successful PT. In doing so, the shape parameter α = 0.03 was used (see e.g. [41]).
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FIG. 2. Reheating temperature T∗ (color code) in the vs-B˜ plane. The plot explicitly demonstrates that T∗
only very mildly depends on B˜ := 32pi2B and that it is well described by Eq. (18).
yet finite PT can only be satisfied without parameter tuning in models based on nearly conformal
dynamics [18]. Besides, following Ref. [37] and defining
β′2 :=
1
2
H(Tn)
2 T 2n ·
d2
dT 2
(S3
T
)
T=Tn
,
we find that β′ & few β holds for all considered viable parameter points, which justifies the appli-
cability of the approximate formulas used to calculate the GW spectra in Section IV.
A further crucial quantity is given by the vacuum energy released during the transition normal-
ized to the energy density of the relativistic thermal plasma, i.e.
α :=
∆V (Tn)
ρrad(Tn)
' ∆V
ρrad(Tn)
(17)
=
ρrad(Tvac)
ρrad(Tn)
=
T 4vac
T 4n
. (21)
For the strong scale phase transition in our model, where Tn  Tvac, Tc, Eq. (21) explicitly demon-
strates that α must always be much larger than one.
At the end of the phase transition, the aforementioned vacuum energy is initially stored in
the gradient of the, now massive, scalon field S. In order to prevent the universe from being
matter-dominated for too long after the transition5, the model presented in Section II needs to be
slightly extended so as to allow the decay of S into Standard Model degrees of freedom. There
exist multiple ways to do so without interfering with any of the model’s features described in the
previous section. The simplest scenario is the introduction of a new right-handed neutrino that
is lighter than S. In a first step S would then decay to the new fermion species which would
subsequently decay into lepton and Higgs doublets. We have checked that in a substantial portion
of this extended model’s parameter space the decay rates are larger than the value of the Hubble
parameter at Tn, implying a fast reheating of the thermal plasma to a temperature T∗. Again,
we would like to stress that this is not the only option how to augment the model and achieve
a radiation-dominated universe after the PT. Various minimal extensions of the model could not
alone serve for such purpose but also explain the origin of dark matter [42, 43] and inflation. Such
cases are currently investigated and will be presented in a future publication.
5 In particular, the universe has to be radiation-dominated by the time of BBN.
9Here, we merely use that for sufficiently fast reheating, energy conservation implies that
H(Tn) ' H(T∗) ≡ H∗ and thus [38]
ρrad(T∗) ' ρrad(Tn) + ρvac(Tn) ⇐⇒ T∗ ' Tn(1 + α)1/4 ' Tvac , (22)
where we used α 1 and Eq. (21) to obtain the final result. The reheating temperature as
predicted in our model is shown in Fig. 2, which shows that it is very nicely described by the
analytical formula of Eq. (18).
IV. STOCHASTIC GRAVITATIONAL WAVE SIGNAL
After the detailed description of the first-order phase transition in our model, we finally move on to
the leading aspect of the present work which is the associated gravitational wave signature. Before
collisions, bubbles are spherically symmetric, so that gravitational waves cannot be produced. They
only arise when bubbles collide via one of three distinct production sources: (i) collisions of shells
of the scalar field S [44], (ii) sound waves [45], and (iii) magnetohydrodynamic turbulences [46]
in the plasma following bubble collisions. In our model α 1 and, as discussed in Section III, the
phase transition happens during the vacuum-dominated epoch [38]. Then, it is well-known that
gravitational waves are dominantly produced from collisions of the bubble walls [26] while the other
mechanisms can be safely ignored. In order to estimate the gravitational wave signal’s strength we
employ results from numerical simulations which use the so called “envelope approximation” [47].
The stochastic gravitational wave spectrum is
ΩGW(f)h
2 = 1.67 · 10−5
(
β
H∗
)−2( κα
1 + α
)2(100
g∗
)1/3( 0.11 v3w
0.42 + v2w
)
3.8 (f/fpeak)
2.8
1 + 2.8 (f/fpeak)3.8
, (23)
where κ is the fraction of the vacuum energy that is converted into the gradient energy of the S
field, vw is the bubble wall velocity and the gravitational wave peak frequency reads [48]
fpeak = 16.5 · 10−6
(
β
H∗
)(
0.62
1.8− 0.1 vw + v2w
)(
T∗
100 GeV
)( g∗
100
)1/6
Hz . (24)
In our model κ ≈ 1 and the bubble wall velocity approaches the speed of light, i.e. vw → 1 [49].
Given such high velocities as well as the dominance of the vacuum energy at the phase transition,
the scenario under our consideration is usually referred to as “runaway bubbles in vacuum” [50].
Let us note that the gravitational wave spectrum depends only on β and T∗ since any α dependence
drops out in the α 1 limit. In Section III we have discussed how these parameters are obtained
and here we will present results for all sampled parameter points which are consistent with a
successful phase transitions, as well as with the basic requirements of the model (see Section II or
Ref. [16]).
We have shown in Eq. (18) that T∗ can be expressed in terms of B˜ and vs, which is also
numerically demonstrated in Fig. 2 for the parameter points that are compatible with the scale
phase transition’s successful completion. In Fig. 3 we show the peak frequency fpeak in the vs-B˜
parameter space. This figure seemingly does not qualitatively differ from Fig. 2 where T∗ is shown
in the same plane. However, while in Fig. 2 one can see a clear separation between points of
different color (i.e. different T∗), which simply stems from the aforementioned analytical relation in
Eq. (18), this is not the case in Fig. 3. There, overlapping points of different color arise due to the
additional parameter appearing in Eq. (24), namely the inverse of the phase transition’s duration
β, which introduces a mild but non-trivial dependence on the model parameters yM, λSR and λR.
For our viable parameter points, the values of β/H∗ indicate a reasonably fast phase transition.
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FIG. 3. Values of fpeak (color code) presented in the vs-B˜ plane. Generally, for larger T∗, the peak frequency
increases as can be seen from Eq. (24). The peak frequency in our model ranges from O(1 Hz) to O(100 Hz).
After reviewing the spectrum of stochastic gravitational waves in our model (see Eq. (23)), we
would now like to quantify the discovery potential at relevant current and near-future gravitational
wave detectors for each viable parameter point in our model. As representatives for ground-based
observatories we study LIGO [8] and Virgo [51]. The observing runs which we consider are O2
(2016–17), O3 (2019–20) and “Design” (2022+), where in brackets we denote the years in which
a given run is conducted. As we have explicitly checked, the overall sensitivity of the LIGO-Virgo
network to stochastic background in all of the aforementioned phases is dominated by the two LIGO
detectors. In what follows, we will therefore mostly refer to LIGO, although Virgo contributions
are included in our calculations. Currently, LIGO is upgrading the detectors and will commence
its O3 stage in February 2019.
Apart from LIGO and Virgo, we also confront the gravitational wave spectra from our model
with the sensitivities of space-based detectors, namely LISA [26], Big Bang Observer (BBO) [52],
and DECIGO (two stages: B-DECIGO and FP-DECIGO [53]). Following the literature, we define
the signal-to-noise ratio (SNR) as (see e.g. [54])
SNR =
√
2tobs
∫ fmax
fmin
df
[
ΩGW(f)h2
Ωnoise(f)h2
]2
, (25)
where tobs denotes the duration of an observation in seconds, while fmin and fmax define the
experiment’s bandwidth. The quantity Ωnoise(f)h
2 represents the effective strain noise power
spectral density for a given detector network, expressed as energy density parameter [55]. For
the space-based observatories mentioned above, we adopt the strain noise power spectral densities
from Refs. [56–58]. For LIGO and Virgo, on the other hand, we follow Ref. [25]. Calculating
Ωnoise generally also requires knowledge of the frequency-dependent normalized isotropic overlap
reduction functions γ for each detector pair in the network. For the LIGO-Virgo network the γ
functions can be found e.g. in Ref. [59]. For all space-based experiments we assume tobs = 5 years,
while the durations of the different LIGO runs are set according to Refs. [25, 60] (for each LIGO
stage we additionally assume a duty cycle of 50 % [60]). Note that the expression for SNR in
Eq. (25) must be multiplied by a factor of 1/
√
2 for LISA and B-DECIGO to account for the
fact that these experiments perform autocorrelation measurements based on a single detector in
order to search for stochastic gravitational waves. Let us furthermore remark that, in principle,
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FIG. 4. Stochastic gravitational wave spectra for the benchmark points BP1 and BP2 (see Table I) are
shown together with the limits (LIGO 2016–2017) and future sensitivities (LIGO 2019–2020, LIGO 2022+,
DECIGO, BBO, LISA) of selected observatories. Our model predicts values for fpeak in the O(1 Hz) to
O(100 Hz) range (see Fig. 3) with an associated peak energy density of order 10−8. Hence, the majority of
the parameter points can already be tested in the upcoming LIGO observing run. The displayed power-law
integrated sensitivity curves were constructed according to Ref. [54] assuming SNRthr = 10 for space-based
experiments, and SNRthr = 2 for LIGO, respectively. Further information can be found in the main text
below Eq. (25).
the contribution of unresolvable astrophysical foregrounds (neutron star, black hole, white dwarf
mergers) should be included in the denominator of Eq. (25). However, it was shown in Ref. [61]
that there is no unresolvable foreground in the f > O(1 Hz) frequency range which is preferred by
the parameter points in our model.
Sensitivity contours6 for all studied experiments are plotted in Fig. 4 where we also show the
gravitational wave spectra ΩGW(f)h
2 for the two benchmark points (BP1 and BP2) given in Table I.
Clearly, LIGO is most sensitive in the 10 Hz to 100 Hz frequency range, whereas the space-based
detectors will be able to also probe smaller frequencies. The stochastic gravitational wave signal for
the parameter point BP1 marginally intersects the O2 sensitivity contour and the corresponding
SNR is 2.7. Importantly, BP1 nicely demonstrates that parameter points in our model can have
fpeak at frequencies where LIGO is most sensitive. Furthermore, it can be easily obtained from
Eq. (23) that for a typical value β/H∗ ∼ 10, ΩGW(fpeak)h2 is around 10−8. This can also be seen
in Fig. 4 for both benchmark points. Therefore, by looking at the sensitivity curves from Fig. 4,
one may infer that all parameter points with fpeak in the 10 Hz to 100 Hz region will be tested in
LIGO’s O3 and “Design” phases. In contrast, due to a peak frequency of only roughly 1 Hz, BP2 is
much less likely to be successfully probed by LIGO. However, both considered stages of the future
space-based observatory DECIGO, as well as the BBO experiment would still be sensitive.
6 To be precise, Fig. 4 displays power-law integrated (PI) sensitivity curves, which differ from the strain noise power
spectral densities entering in Eq. (25). The procedure of how to construct PI curves is outlined in [54].
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FIG. 5. In the figure, all the viable points in our parameter scan are shown. For a given phase of LIGO
(color code) we indicate in the left (right) panel the points for which the signal-to-noise ratio SNR as defined
in Eq. (25) exceeds 5 (10). If more than one phase satisfy the requirement, the color corresponds to the
earliest one.
The shape of the gravitational wave spectrum can be easily understood from Eq. (23). Namely,
for f  fpeak, ΩGW(f)h2 is proportional to f2.8, whereas in the high-frequency region, f  fpeak,
the gravitational wave signal drops less steeply ΩGW(f)h
2 ∝ f−1. This can also be inferred from
Fig. 4 for both of our benchmark points. Let us note that even though causality implies that the
signal should increase with the third power in the low-frequency limit [62], f2.8 yields a better fit
to the simulated data and is therefore commonly employed in the literature [26].
Determining the precise value of SNR for which a stochastic gravitational wave background can
be reliably detected in a given experiment (hereafter denoted as SNRthr) is beyond the scope of the
present paper as it is related to experimental aspects which we do not study. Following Ref. [26] as
a representative work on space-based detectors (see also recent [63, 64] and references therein), as
well as Ref. [60] for LIGO, we infer that SNRthr = 10 may be generally regarded as a conservative
estimate. For experiments that have several phases such as LIGO and DECIGO we simply calculate
SNR values for each phase independently, without taking into account cumulative effects. This
already robustly demonstrates during which phase a given parameter point can be tested. In
particular, since LIGO’s O2 phase is much less sensitive than O3, the combination of the two does
not yield significant improvement with respect to O3-only. The left (right) panel of Fig. 5 shows for
all viable parameter points and for the aforementioned observing runs whether SNR exceeds 5 (10).
The color code is indicated in the figures. If multiple phases of the experiment satisfy the given
SNR requirement, the parameter point is plotted in the color associated with the earliest phase.
For instance, the blue points in the left panel of Fig. 5 denote parameter points which produce
SNR > 5 in LIGO’s O2 run. Clearly, SNR in the O3 and “Design” stages will then automatically
exceed 5, yet the color corresponds to the O2 phase. The appearance of black points in both panels
signals that the considered SNR cannot be reached by any phase individually. If SNRthr = 10 is
indeed a realistic signal-to-noise ratio for an actual discovery of stochastic gravitational waves, we
infer from Fig. 5b that a large portion of parameter space (about 85 % of all viable points) will be
tested in LIGO’s forthcoming O3 phase. Let us note that our conclusion is effectively unaltered if
we set SNRthr = 5, as can be seen from Fig. 5a. Lastly, there are only few parameter points (blue
color) that can already be excluded by the O2 run assuming SNRthr = 5 is appropriate.
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FIG. 6. Same as Fig. 5, but for space-based experiments. Blue points are predicted to produce SNR > 10
in a five-year B-DECIGO run. The remaining points (green) are expected to yield SNR > 10 in both FP-
DECIGO and BBO runs of the same length. In fact, the two aforementioned observatories can fully test
the considered model even with tobs < 1 year.
By comparing Figs. 3 and 5, we learn that the parameter points which will be hard to test
in O3 exhibit peak frequencies that are either fpeak < 10 Hz or fpeak & 100 Hz. In these regions,
LIGO’s sensitivity is weaker as can be deduced from the black curves in Fig. 4. This is also seen
by comparing the left and right panels of Fig. 5: Increasing the considered SNR threshold value
from 5 to 10, several points at both edges (with highest and lowest peak frequencies) turn black,
i.e. their SNR does not exceed 10 for any of the LIGO stages.
In analogy to Fig. 5, the plot in Fig. 6 shows the SNRthr = 10 case for the considered DE-
CIGO stages (early B-DECIGO and FP-DECIGO). Again, using the sensitivities in Fig. 4 it is
straightforward to understand this figure. The FP-DECIGO phase is more sensitive in all fre-
quency regions. In particular, for peak frequencies larger than about 100 Hz we observe green
points indicating testability only by FP-DECIGO. This is because for highest peak frequencies
the gravitational wave spectrum only marginally intersects B-DECIGO’s sensitivity curve, while it
significantly overlaps with FP-DECIGO’s. Hence, B-DECIGO will probe points with lower peak
frequencies, whereas FP-DECIGO is sensitive to the full parameter space assuming SNRthr = 10 as
a realistic detection threshold. The same is true for BBO whose sensitivity at least matches that of
FP-DECIGO for all frequencies, while around O(1 Hz) it even yields a significant improvement. In
contrast, LISA is not particularly sensitive (SNRthr > 10 is not achieved for any parameter point)
because frequency-wise LISA is more appropriate to test TeV-scale new physics.
In conclusion, after reviewing the stochastic gravitational wave spectra and methods to quantify
their testability, we demonstrate that our model can be probed by both ground- and space-based
observatories. Given the preference for high scales (vs > 10
7GeV), detection of gravitational waves
from the first-order scale phase transition is essentially the only option to test the considered model
since we cannot access such high energies in any conventional particle physics experiment.
V. SUMMARY AND CONCLUSIONS
In this paper we further investigated the framework introduced in Ref. [16]. There, the authors pro-
posed a UV-complete, scale-invariant model in which both neutrino masses and the Higgs potential
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originate from the effects of right-handed neutrinos whose Majorana mass terms dynamically de-
velop through the spontaneous breaking of classical conformal symmetry. The heavy right-handed
neutrinos then give rise to nonzero active neutrino masses through the type-I seesaw mechanism,
while the Higgs potential is generated at the quantum level, namely from the loops in which the
neutrinos propagate.
In the present work, in addition to the Coleman-Weinberg effective potential, we considered
leading thermal contributions for the purpose of a detailed investigation of the phase transition
associated with the breaking of the model’s scale symmetry. We found that the phase transition
is of strong first order, which implies a significant supercooling. We inferred that the universe
becomes vacuum-dominated at temperatures which are roughly an order of magnitude smaller
than the critical one. The vacuum energy dominance induces an epoch of exponential expansion
of the universe which renders bubble nucleation more difficult. In particular, we found that there
is a large portion of the model’s parameter space which can be excluded due to the failure of the
scale phase transition.
For the remaining parameter points which yield a successful phase transition, we have considered
a phenomenological signature: the stochastic gravitational wave background induced by bubble
collisions. Since the lower bound on the VEV of the scalar field that breaks scale invariance
is 107 GeV, the typical gravitational wave frequencies are much larger in comparison to those
associated with TeV-scale phase transitions. For the latter, space-based detectors such as LISA are
most sensitive, whereas our model can be robustly probed by ground-based detectors. Remarkably,
the upcoming science run of LIGO will test practically the full parameter space of the considered
model. If this model was chosen by Nature, then the gravitational wave signature is the only
method which can lead to a successful discovery as the new physics particles are too massive to be
produced in current and near-future colliders.
ACKNOWLEDGMENTS
We would like to thank Manfred Lindner, Thomas Konstandin, Ville Vaskonen and Susan van
der Woude for useful discussions, as well as Carroll L. Wainwright for correspondence regarding
the CosmoTransitions package. Furthermore, we are deeply indebted to Andrew Long, Maria
Alessandra Papa and Andrew Matas for most helpful assistance in obtaining the correct LIGO
sensitivities, as well as to Takashi Nakamura and Hiroyuki Nakano for providing information on
the DECIGO sensitivities. The work of JK is partially supported by the Grant-in-Aid for Scientific
Research (C) from the Japan Society for Promotion of Science (Grant No.16K05315).
[1] P. Minkowski, µ→ eγ at a rate of one out of 109 muon decays?, Physics Letters B 67 (1977), no. 4
421 – 428.
[2] T. Yanagida, Horizontal Symmetry and Masses of Neutrinos, Conf. Proc. C7902131 (1979) 95–99.
[3] M. Gell-Mann, P. Ramond, and R. Slansky, Complex Spinors and Unified Theories, Conf. Proc.
C790927 (1979) 315–321, [1306.4669].
[4] R. N. Mohapatra and G. Senjanovic´, Neutrino mass and spontaneous parity nonconservation, Phys.
Rev. Lett. 44 (Apr, 1980) 912–915.
[5] M. Fukugita and T. Yanagida, Baryogenesis Without Grand Unification, Phys. Lett. B174 (1986)
45–47.
[6] T. Asaka, S. Blanchet, and M. Shaposhnikov, The nuMSM, dark matter and neutrino masses, Phys.
Lett. B631 (2005) 151–156, [hep-ph/0503065].
15
[7] M. Drewes, The Phenomenology of Right Handed Neutrinos, Int. J. Mod. Phys. E22 (2013) 1330019,
[1303.6912].
[8] Virgo, LIGO Scientific Collaboration, B. P. Abbott et al., Observation of Gravitational Waves
from a Binary Black Hole Merger, Phys. Rev. Lett. 116 (2016), no. 6 061102, [1602.03837].
[9] Virgo, LIGO Scientific Collaboration, B. P. Abbott et al., GW170817: Observation of
Gravitational Waves from a Binary Neutron Star Inspiral, Phys. Rev. Lett. 119 (2017), no. 16
161101, [1710.05832].
[10] B. P. Abbott et al., Multi-messenger Observations of a Binary Neutron Star Merger, Astrophys. J.
848 (2017), no. 2 L12, [1710.05833].
[11] N. Okada and O. Seto, Probing seesaw scale with gravitational waves, 1807.00336.
[12] A. J. Long, A. Tesi, and L.-T. Wang, Baryogenesis at a Lepton-Number-Breaking Phase Transition,
JHEP 10 (2017) 095, [1703.04902].
[13] I. Brivio and M. Trott, Radiatively Generating the Higgs Potential and Electroweak Scale via the
Seesaw Mechanism, Phys. Rev. Lett. 119 (2017), no. 14 141801, [1703.10924].
[14] I. Brivio and M. Trott, Examining the neutrino option, 1809.03450.
[15] G. ’t Hooft, Naturalness, chiral symmetry, and spontaneous chiral symmetry breaking, NATO Sci.
Ser. B 59 (1980) 135–157.
[16] V. Brdar, Y. Emonds, A. J. Helmboldt, and M. Lindner, The Conformal UV Completion of the
Neutrino Option, 1807.11490.
[17] P. S. B. Dev and A. Mazumdar, Probing the Scale of New Physics by Advanced LIGO/VIRGO, Phys.
Rev. D93 (2016), no. 10 104001, [1602.04203].
[18] T. Konstandin and G. Servant, Cosmological Consequences of Nearly Conformal Dynamics at the
TeV scale, JCAP 1112 (2011) 009, [1104.4791].
[19] T. Prokopec, J. Rezacek, and B. S´wiez˙ewska, Gravitational waves from conformal symmetry breaking,
1809.11129.
[20] L. Marzola, A. Racioppi, and V. Vaskonen, Phase transition and gravitational wave phenomenology of
scalar conformal extensions of the Standard Model, Eur. Phys. J. C77 (2017), no. 7 484,
[1704.01034].
[21] R. Jinno and M. Takimoto, Probing a classically conformal B-L model with gravitational waves, Phys.
Rev. D95 (2017), no. 1 015020, [1604.05035].
[22] K. Hashino, R. Jinno, M. Kakizaki, S. Kanemura, T. Takahashi, and M. Takimoto, Fingerprinting
models of first-order phase transitions by the synergy between collider and gravitational-wave
experiments, 1809.04994.
[23] S. Kawamura et al., The Japanese space gravitational wave antenna DECIGO, Class. Quant. Grav.
23 (2006) S125–S132.
[24] eLISA Collaboration, P. A. Seoane et al., The Gravitational Universe, 1305.5720.
[25] VIRGO, KAGRA, LIGO Scientific Collaboration, B. P. Abbott et al., Prospects for Observing
and Localizing Gravitational-Wave Transients with Advanced LIGO, Advanced Virgo and KAGRA,
Living Rev. Rel. 21 (2018) 3, [1304.0670]. [Living Rev. Rel.19,1(2016)].
[26] C. Caprini et al., Science with the space-based interferometer eLISA. II: Gravitational waves from
cosmological phase transitions, JCAP 1604 (2016), no. 04 001, [1512.06239].
[27] S. Sato et al., The status of DECIGO, J. Phys. Conf. Ser. 840 (2017), no. 1 012010.
[28] Planck Collaboration, P. A. R. Ade et al., Planck 2015 results. XIII. Cosmological parameters,
Astron. Astrophys. 594 (2016) A13, [1502.01589].
[29] W. A. Bardeen, On naturalness in the standard model, in Ontake Summer Institute on Particle
Physics, 1995.
[30] K. A. Meissner and H. Nicolai, Effective action, conformal anomaly and the issue of quadratic
divergences, Phys. Lett. B660 (2008) 260–266, [0710.2840].
[31] K. A. Meissner and H. Nicolai, Conformal invariance from non-conformal gravity, Phys. Rev. D80
(2009) 086005, [0907.3298].
[32] H. Davoudiasl and I. M. Lewis, Right-Handed Neutrinos as the Origin of the Electroweak Scale, Phys.
Rev. D90 (2014), no. 3 033003, [1404.6260].
[33] S. Coleman and E. Weinberg, Radiative corrections as the origin of spontaneous symmetry breaking,
Phys. Rev. D 7 (Mar, 1973) 1888–1910.
[34] M. E. Carrington, The Effective potential at finite temperature in the Standard Model, Phys. Rev.
16
D45 (1992) 2933–2944.
[35] E. Gildener and S. Weinberg, Symmetry Breaking and Scalar Bosons, Phys. Rev. D13 (1976) 3333.
[36] J. I. Kapusta and C. Gale, Finite-temperature field theory: Principles and applications. Cambridge
Monographs on Mathematical Physics. Cambridge University Press, 2nd ed., 2006.
[37] A. Megevand and S. Ramirez, Bubble nucleation and growth in very strong cosmological phase
transitions, Nucl. Phys. B919 (2017) 74–109, [1611.05853].
[38] J. Ellis, M. Lewicki, and J. M. No, On the Maximal Strength of a First-Order Electroweak Phase
Transition and its Gravitational Wave Signal, Submitted to: JCAP (2018) [1809.08242].
[39] A. D. Linde, Decay of the False Vacuum at Finite Temperature, Nucl. Phys. B216 (1983) 421.
[Erratum: Nucl. Phys.B223,544(1983)].
[40] C. L. Wainwright, CosmoTransitions: Computing Cosmological Phase Transition Temperatures and
Bubble Profiles with Multiple Fields, Comput. Phys. Commun. 183 (2012) 2006–2013, [1109.4189].
[41] B. Pateiro-Lopez and A. Rodriguez-Casal, alphahull: Generalization of the Convex Hull of a Sample
of Points in the Plane, 2016. R package version 2.1.
[42] T. Hambye, A. Strumia, and D. Teresi, Super-cool Dark Matter, JHEP 08 (2018) 188, [1805.01473].
[43] I. Baldes and C. Garcia-Cely, Strong gravitational radiation from a simple dark matter model,
1809.01198.
[44] A. Kosowsky, M. S. Turner, and R. Watkins, Gravitational radiation from colliding vacuum bubbles,
Phys. Rev. D45 (1992) 4514–4535.
[45] M. Hindmarsh, S. J. Huber, K. Rummukainen, and D. J. Weir, Gravitational waves from the sound of
a first order phase transition, Phys. Rev. Lett. 112 (2014) 041301, [1304.2433].
[46] C. Caprini and R. Durrer, Gravitational waves from stochastic relativistic sources: Primordial
turbulence and magnetic fields, Phys. Rev. D74 (2006) 063521, [astro-ph/0603476].
[47] S. J. Huber and T. Konstandin, Gravitational Wave Production by Collisions: More Bubbles, JCAP
0809 (2008) 022, [0806.1828].
[48] M. Kamionkowski, A. Kosowsky, and M. S. Turner, Gravitational radiation from first order phase
transitions, Phys. Rev. D49 (1994) 2837–2851, [astro-ph/9310044].
[49] D. Bodeker and G. D. Moore, Can electroweak bubble walls run away?, JCAP 0905 (2009) 009,
[0903.4099].
[50] J. R. Espinosa, T. Konstandin, J. M. No, and G. Servant, Energy Budget of Cosmological First-order
Phase Transitions, JCAP 1006 (2010) 028, [1004.4187].
[51] VIRGO Collaboration, F. Acernese et al., Advanced Virgo: a second-generation interferometric
gravitational wave detector, Class. Quant. Grav. 32 (2015), no. 2 024001, [1408.3978].
[52] V. Corbin and N. J. Cornish, Detecting the cosmic gravitational wave background with the big bang
observer, Class. Quant. Grav. 23 (2006) 2435–2446, [gr-qc/0512039].
[53] N. Seto, S. Kawamura, and T. Nakamura, Possibility of direct measurement of the acceleration of the
universe using 0.1-Hz band laser interferometer gravitational wave antenna in space, Phys. Rev. Lett.
87 (2001) 221103, [astro-ph/0108011].
[54] E. Thrane and J. D. Romano, Sensitivity curves for searches for gravitational-wave backgrounds,
Phys. Rev. D88 (2013), no. 12 124032, [1310.5300].
[55] C. J. Moore, R. H. Cole, and C. P. L. Berry, Gravitational-wave sensitivity curves, Class. Quant.
Grav. 32 (2015), no. 1 015014, [1408.0740].
[56] K. Yagi, N. Tanahashi, and T. Tanaka, Probing the size of extra dimension with gravitational wave
astronomy, Phys. Rev. D83 (2011) 084036, [1101.4997].
[57] K. Yagi, Scientific Potential of DECIGO Pathfinder and Testing GR with Space-Borne Gravitational
Wave Interferometers, Int. J. Mod. Phys. D22 (2013) 1341013, [1302.2388].
[58] S. Isoyama, H. Nakano, and T. Nakamura, Multiband Gravitational-Wave Astronomy: Observing
binary inspirals with a decihertz detector, B-DECIGO, PTEP 2018 (2018), no. 7 073E01,
[1802.06977].
[59] J. D. Romano and N. J. Cornish, Detection methods for stochastic gravitational-wave backgrounds: a
unified treatment, Living Rev. Rel. 20 (2017), no. 1 2, [1608.06889].
[60] Virgo, LIGO Scientific Collaboration, B. P. Abbott et al., GW170817: Implications for the
Stochastic Gravitational-Wave Background from Compact Binary Coalescences, Phys. Rev. Lett. 120
(2018), no. 9 091101, [1710.05837].
[61] P. A. Rosado, Gravitational wave background from binary systems, Phys. Rev. D84 (2011) 084004,
17
[1106.5795].
[62] C. Caprini, R. Durrer, T. Konstandin, and G. Servant, General Properties of the Gravitational Wave
Spectrum from Phase Transitions, Phys. Rev. D79 (2009) 083519, [0901.1661].
[63] M. Aoki, H. Goto, and J. Kubo, Gravitational Waves from Hidden QCD Phase Transition, Phys. Rev.
D96 (2017), no. 7 075045, [1709.07572].
[64] E. Madge and P. Schwaller, Leptophilic dark matter from gauged lepton number: Phenomenology and
gravitational wave signatures, 1809.09110.
